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Durable rock is a precious resource. Sometimes, stone 
for masonry and aggregates is presumed to be durable when rt 
is not. Too frequently, porous gravels and ledgerock have 
proved later to be unworthy of high service -- to the loss 
of the builder andCorl the owner. In the contexts here, it 
is the impurity of some 1 imestone ledgerocks which spoils 
the lot unless isolated. Clayey 1 imestones -- usually 
slightly dolomitic -- decompose when exposed to weather. 
Expansion occurs inside concrete and ruins otherwise durable 
structures. In the case of aggregates for concrete, the 
issue becomes: How much of the deleterious rock is 
tolerable and allowable? This question incites another• 
How long is the structure expected to endure? 
Whereas assurances of durab i 1 i ty may be sought in 
histories of performance in structures, observations of 
natural exposures of rock ledges in bluffs and exposures in 
highway· cuts are usually more revealing of offending ledges 
or beds. Resistance to weathering may be tested by exposing 
ledgerock specimens in fields, yards, or- on decks where 
observations and records of endurance may be kept. 
GOVERNOR 
' 
Research Report 325, "Expansive limestone Aggregate in a 
Concrete Pavement,• April 1972, remains a worthy, 
pre I iminary treatise on the two, principal roles of 
I ime•tone aggregates in the premature deterioration of 
concrete. The role addressed more directly here, and there, 
is the expansion of clayey dolomitic I imestones. The other 
role, of course, is freezing and thawing of porous, nearly 
saturated, otherwise non-expansive, aggregate in the 
concrete. Report 287 <"Freeze-and-Thaw Phenomena in 
Concretes and Aggregates,• February 19701, Report 454 
l"~reeze-and-Thaw of Conc~ete and Aggregates," June 19761, 
and Report 460 <"Possible Explanation of Concrete Popouts," 
Research Record 651, Transportation Research Board, 
Washington, D.C.; 19771 treat those characteristics of 
aggregates and the deteriorating mechanisms more 
specifically. Report 445, "The D-Cracking Phenomenon• A 
Case Study for Pavement Rehabi I itation" IApri I 1976) and 
Report No. 480, "Cracking in Continuously Reinforced 
Concrete Pavements• (October 19771, explain two mechanisms 
of pavement deterioration which are not directly 
attributa.ble to defects in the quality of aggregates. 
Similar reference is made to Report 529, "Cracking in 
Concrete Pavements• (October 1979J, consigned to American 
Society for Civil Engineers for publication. 
The survey of quarries and the testing of ledgerock was 
done by Mr. Coy under David L. Arnall, formerly Chief 
Geologist, in the Division of Materials. Mr. Arnall's 
"retirement" preceded issuance of this report. Because of 
his many years of dedication to the assurance of quality in 
aggregates, this report is given commemorative status. Mr·. 
Arnall's reports on "Kentucky Aggregates" containing 
quarry logs and chemical compositions and physical 
properties dating from 195'+ were helpful in 
selectively sampling ledges exhibiting attributes 
identifying potentially expansive rock. Approximately 2,600 
thin sections were made and examined. Mr. Coy transferred 
to the Department of Natural Resources in May 1979. 
It is desirable to be able to associate unsoundness with 
properties and composition and also with appearance, 
te><turet and geological occurrence. Texture has been 
illustrated here and elsewhere. Scanning electron 
micrographs included here have some special qualities and 
significance not recognized heretofore. 
The value of this research and these reports surely will 
extend beyond the imminent guidance of pol icy decisi·ons and 
the estab 1 i shment of safeguarding-procedures and 
specifications. Indeed, the work contributes significantly 
to the scientific knowledoe of rock and building stones. 

The most direct and immediate benefits will be, of course, 
the avoidance of recurrences of premature disintegration of 
concrete and may thereby restore the assurances of 
unlimited life-expectancy of concrete structures. 
Enclosure 
ft1PJ """ ,.,, 
~H. Havens 
Director of Research 
~ 'ffj(};~e;~ 
{J:.' :c.Chord ""'-
Director of Materials 
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SAMPLING AND APPROVAL OF AGGREGATE SOURCES 
The Commonwealth of Kentucky approves 
or dis~pproves a proposed source of 
I imestone aggregate in the following way: 
the producer-operator of the quarry 
hotifies the District Materials Engineer 
who, in turn, notifies the Central 
Materials Laboratory lor the Aggregate 
Contt'ol Section at the Central Materials 
Laboratory may be notified directly! when 
approximately 25 feet (8 m> or more of 
stone ~as been uncovered and faced for 
sampling. A geologist then examines the 
expose;! fa 0e, foot by foot, for lithologic 
changes such as changes fn color, grain 
size, etc. Each change is noted in the 
geologist~s field records. Each change in 
I i"thology is designated as a distinct 
ledge, and an attempt is made to maintain 
workable, physical units (shale seams, mud 
partings, geologic age, location, etc.) 
(see Appendix AI in the sampling and in 
the finished report. Approximately 100 
pounds C45 kg) of stone are taken from 
each ledge in the quarry and carried to 
the Central Materials Laboratory. Sodium 
sulfate soundness, Los Angeles wear, 
specific gravity, and absorption are run 
in the ,,ggregate I aboratory; CaC03, ~lgC03, 
insoluble residue, R2 03 <metal content), 
and SiOz are determined by the Chemical 
Section.· When the tests are completed, a 
report called the ~Quarry Log'' is prepared 
by the Aggregate Control Section; it 
includes all the mentioned information and 
an approval number. Each ledge must be 
tested for the quality requirements for 
soundness and weal-, and each ledge is 
designated thereon as ''passing" or 
"fai I ing". 
Currently over 117 active quarries 
are approved. There are approximately 
1,300 ledges. Thus, approximately 1,300 
different 1 ithologic samples are necessary 
to make a comprehensive study of alI the 
ledges reported by the Division of 
Mater-ia Is, Centra I laboratory. 
INITIAL CONCERN 
The necessity for an extensive 
investigation into 
reactivity of 1 imestone 
from the findings of 
the potential 
aggregate resulted 
the Division of 
Research in its investigation of blowups 
and unusua I cracking of the concrete 
pavement constructed as I 65-1113113, 
Warren-Simpson Counties, in 1965 (1). The 
Report, "Expansive Limestone Aggregate in 
a Concrete Pavement," Apri I 1972, provides 
det.a i l s of that investigation and report 
of findings. Excerpts follow• 
"The affected pavement begins at 
Station 696 + 75 on Project I 
65-111716 which, at Station 735 + 
65.4 northward !Simpson-Warren County 
line> equates to Station 0 + 00, tl1e 
beginning of I 65-1113113, and 
conti~ues northward in Warren County 
to station 450 + 00 lin the us 231 
interchange) a distance of 9.26 
miles. The Drakes Creek bridges are 
between Stations 702 + 00 and 704 + 
25 in Simpson County.... Paving 
began June 10, 1965, at Station 450 + 
00 and proceeded southward in the 
northbound lanes. No cracking or 
blowups have been found north of 
Station 450 + 00... (cracking of a 
lesser degree continues south of 
Station 696 + 75 in Simpson County). 
''Tile first blowup occurred May 9, 
1966 at station 319 + 10 
(soutllboundl. The second occurred on 
or about June 14, 1966 -- at Station 
224 + 00 !northbound!. Apparently, 
the crack pattern was not discovered 
until the summer of 1967. 
Instal I at ion of a regular series of 
rei ief joints was begun in the spiing 
of 1968 but was later discontinued. 
Blowups occurred while sawing rei ief 
joints. No blowups occurred during 
1969, but two occurred in 1970 -- one 
was a repeat occurre11Ce; none 
occurred during 1971. Additional 
rei ief joints were installed near the 
Drakes Creak bridges -- where the 
pressure of the pave1nent apparently 
sheared the abutment wa II of the 
bridge". 
Following the research report, much 
concern was expressed within the Bureau of 
Highways over' the possibi I ity of a 
recurrence of this type of phenomenon in 
concrete performance on subsequent 
projects, and a specification was proposed 
to nlinimize the problem. However, at this 
point, the overall impact and consequences 
of implementation could not be foreseen. 
Uniform and equitable application of any 
requirements would be difficult because of 
the time involved in obtaining data on 
sources statewide. The Division of 
Materials recommended delay of 
implementation of the specifications unti I 
survey data could be obtained and an 
analysis made of the situation. The 
Division of Materials was delegated this 
responsibi I ity in January 1973; and the 
Geology-Aggregate Section was assigned the 
testing program. It was evident that 
sampling and testing of all I imestone 
sources approved to furnish materia I to 
Kentucky highway projects would be very 
time consuming: three to five years was 
the estimated time for completion. 
With the threat of recurrence of the 
problem prior to completion of testing all 
sources, it was desirable to investigate 
sources on a priority basis. Information 
(1, 2, 3, 4) immediately avai I able 
indicated t~at a I imestone most I ikely to 
be detrimentally expansive is one which 
contains a significant percentage of 
dolomite particles (rhombsl enclosed in a 
matrix of fine-grained calcite (micrite> 
contaminated with clay material. Since 
chemical analyses already avai I able on alI 
the approved sources as reported on the 
•Quarry Log• (5) reflect the presence of 
dolomite (indicated by MgC0 3 contents> and potential clay material (indicated by 
insoluble residue in HCI ), it was decided 
to use known, reportedp log chemistry as a 
criteria for first-priority sampling and 
testing. In addition, the specification 
initially proposed used the minimum values 
of seven percent Mgco3 and seven percent insolubles combined with excessive 
expansion of rock cores (greater than 0.3 
percent> as a basis for disqualifying 
ledges. After a sampling and testing 
program based on those criteria was 
completed, the Aggregate Control Section 
began to sample, in their entirety, all 
sources which contained an expansive 
ledge. High priority was given to those 
sources reported by Virginia (Quarry 119 
at Jenkins> (3) and the US Corps of 
Engineers (Quarry 33) (6) as containing 
materia I possessing expansive 
characteristics. The next objective was 
to complete testing of any source for 
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which samples had been obtained 
previously, even though non-expansive. 
Then, as time permitted, sampling of all 
remaining sources was U!ldertaken. Thus, 
priority lost significance. Testing on 
all new or resampled (check-sampled) 
ledges wi II be assumed as a regular 
procedure, and other types of aggregate --
especially gr~wel -- are to be examined. 
Currently, experimentation on possi!,Je 
means of reducing expansive 
characteristics in concrete by dilution 
wit-h non-expansive aggregate is being 
conducted. 
PROCEDURES 
Advice was sought from other states, 
and agencies, which had experience with 
such conditions before; and periodicals 
and pub! ications (1, 2, 3, 4) were 
examined for information on tile Sl!bject of 
alkali-carbonate (de-dolomitization) 
expansion. Training and practice in tile 
methods of thin-section preparation were 
obtai ned at the geo I ogy fac iIi ties of the 
University of Kentucky. Training and 
making the initial sections lasted through 
February 1973. 7his was followed by a 
visit to tl1e Virginia Highway and 
Transportation Research Counci I. 
During the first months and initial 
sampling periods, approximately 303 thin 
sections were prepared and examined; ·these 
represented 128 ledges. Hand samples from 
the ledges were cored, and tl1e remainder 
of the specimens were exposed on the roof 
of the laboratory for weathering 
observations. Some samples of the same 
mater·ial were incorporated into concrete 
prisms for observations of any significant 
expansion. The actua I laboratory work, 
then, was a three-part process. Cores and 
thin sections were made of any chemically 
suspicious ledge; and, if a degree of 
expansion persisted in a core (excess of 
0.3 percent), concrete beams were made 
providing the ledge remained accessible 
for further sampling. 
The basic textural characteristic 
(wei !-formed dolomite rhombs and dirty, 
fine-grained calcite matrix> of a 
potentially expansive ledge were present 
in over 40 percent of the ledges initially 
identified. Two thin sections were 
attempted from each hand sample (one 
perpendicular and one parallel to the 
bedding plane). As time and expertise 
progressed and more sections were studied 
petrographically under the polarizing 
microscope, it became evident that the 
vertical (perpendicular> section was 
sufficient and rei iable for predicting 
whether a ledge would be expansive or not; 
and, SIJbsequently, only the vertical 
section was used in testing. 
A petrographic examination of a thin 
section made with proper machinery (cut-
off saws and grinding wheels) in two to 
three days is, therefore, the most 
expedient indication of non-expansive 
nature. Preparation and measurement of 
cores which are allowed to soak in a NaOH 
solution may take 56 days. Six months to 
one year may be necessary to detect or 
isolate a delayed type of expansion. 
The preparation of cores was done 
initially by the Physical Section of the 
Materials Laboratory <at that point in 
time, the Aggregate-Testing Section was 
no·t part of the Aggregate Control Section 
as it now exists>. The coring was done in 
a manner simila·r to that described in ASTM 
C 586. Some of the testing procedures in 
C 586 readily proved to be unnecessary and 
exceptionally burdensome. Three cores 
were taken from each I edge, and it became 
evident soon afterwards that attempts to 
secure cores mutually perpendicular to 
each other wou I d be i mpract i ca I . It was 
decided that three cores should be 
consistent with tile orientation of the 
thin sections and be taken vertical to the 
bedding plane. The initial cores were 
dri lied with a 5/8-inch <15.8-mml, 
dlameter diamond-tipped bit; the ends were 
polished to a flat surface to facilitate 
accurate measurement. The cores were 
approximately 1.25 inch (32 mml or more in 
length; and, after being measured 
individually, they were placed in a !-
normal solution of NaOH for 56 days. They 
were removed for measurement at 14-day 
intervals. If any one of the three cores 
expanded over 0.3 percent of its original 
length, it was considered to have failed. 
There were 128 ledges involved at this 
stage. 
The first series of thin-sections and 
expansion measurements indicated a strong 
relationship, even though some 
discrepancies seemed to exist. In this 
inital study, most of the variation in 
percentage of expansive material found 
131.2 percentl as opposed to that 
predicted by thin-section <44 percent) can 
be attributed possibly to two factors: 1l 
the hand samples which were cored were not 
always the same samples which 'Were used 
for making the thin sections and 2l 
inexperience in preparation and study of 
thin-sectioning. After the visit to 
Virginia, accuracy and ability increased 
both in sample preparation of thin 
sections and in predictive ability. 
Nonetheless, a safeguard was employed in 
the predictions: if a thin section had 
the slightest indication of having a smal I 
area of expansive texture, it was 
designated as potentially expansive. In 
addition, through the month of July 1973, 
two or more geologists petrographically 
examined each of the thin sections and 
compared their predictions. If either 
observer thought a section indicated 
expansiveness, it was noted as 
representing an expansive ledge. Also, 
the examination of the logs and sampling 
was made more selectively. ledges 
formerly combined were again separated 
whenever possible, and other I ithologic 
changes were notated when present. 
After a I edge samp I e was examined in 
thin section and an expansive tendency was 
found in the rock core test, it was 
brought into the I aboratory and crushed 
into No.-57 size aggregate for inclusion 
in concrete. 'Four beam specimens, 3 by 3 
by 10 inches <76 by 76 by 254 mml, were 
prepared for each ledge. Two of these 
<labeled A and Bl were prepared with 
cement having alkali contents in the range 
of 0.69 to 0.78 percent, and two <labeled 
C and Dl were prepared with cement having 
all(alies in the range of 0.48 to 0.53 
percent. The concrete was formed in molds 
having metal studs mounted in each end in 
such a manner t\}at the specimens could be 
placed in a comparator and the relative 
expansion determined. The beams were 
stored in water at constant temperatllre 
and were removed for expansion 
measurements. Measurements were made at 
24 hours <designated original length), 4 
weeks, 8 weeks, 16 weeks, 32 weeks, and 
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finally at 64 weeks. One suggested limit 
for expan~ion in beams was 0.05 percent 
(3), and this value was adopted initially 
as the criterion for failure. 
During August 1973, ledgerock samples 
from the two most highly expansive ledges 
in the quarry in Simpson county whicl1 
supplied limestone for the distressed 
sections of I 65 were obtained for testing 
in concrete. Each time, new quality 
Cphysi~all tests of soundness, wear, 
specific gravity, and absorption and new 
chemical tests of CaCO , MgCO , insoluble 
residue, and R 0 (metal contentl were 
run. An additional thin section was made 
to insure that the sample from the field 
at the second sampling was the same ledge 
originally sampled in the study. 
During October 1973, several trends 
began to emerge. Several ledges judged to 
have expansive characteristics did npt 
show expansion of the rock core Cover sp 
percent). Yet, the abi I ity to predict Cby 
absence of expansive textural non-
expansive ledges was almost without 
exception. One wrong prediction was made; 
however, this was duo to ~n improperly 
made thin section. A re-make of tile 
section in question revea I ed that the 
ledge should not have been judged as safe. 
Expansive areas in tile section did exist. 
The result restored confidence in using 
the petrographic examination for initial 
screening of all samples to indicate 
whether or not cores should be tested. 
Another factor slightly more disturbing 
was the number of exceptions to the 
chemical I imits (seven percent MgC03 and 
seven percent insoluble residue) whicl1 
were used to initiate the program. More 
than 40 percent of the ledges studied 
through September 1973 had a set of 
chemical values in which one or the other 
members of the set was I ess than seven 
percent. Generally, this was the 
insoluble residue; and the result was 
reminding that not only the amount of 
insoluble residue but the type of residue 
(clay or quar·tz) w'as important. 
The laboratory examination and testing 
of ledge samples could sti I I be described 
as a three-plldSB approach: 
11 petrographic examination, 
2) testing rock cores, and 
3) distress obser·vations and 
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expansion measurements of 
concrete beams. 
The problem of expansive aggregate does 
not seem to be confined to any particular 
geologic age or formation; although, it 
does occur more ofte11 in Mississippian 
I imestone quarries than Ordovican quarries 
in Kentucky. Devonian (7, 8, 9, 10) and 
Silurian deposits do not provide many 
sources of stone in this state; and, in 
most cases, the Silurian is relatively 
free from expansive ledges. A neighboring 
quarry CNo.49, here) in the Devonian and 
Si Juri an strata of Indiana does possess 
the characteristic expansive traits rather 
uniformly throughout. 
On a statewide basis, with over 1,200 
ledges having been studied, the estimate 
is that s I i ght I y more than ten percent do 
possess some degree of expansive 
character. Over half the ledges studied 
(approximately 60 percentl are pronounced 
safe by petrographic screening, and 
approximately one fourth of the remainder 
yielded expansive cores. Approximately 
three-fourths or more of the ledges cored 
and tested in concrete showed some 
detrimental charactar in concrete, whether 
that be an unusua I amount of J i nea I 
expansion or significant distress. The 
program included essentially all 
accessible ledges in all active quarries 
supplying Kerltucky projects. 
PETROGRAPHIC STUDY 
The thin sections were made by 
procedures used by the Division of 
Research (1, 11, 12), the University of 
Kentucky Geology Department, and the 
Virginia Higl1way and Transportation 
Research Council (3). A vertical slab was 
cut with a 24-inch C6lO-mmJ, diamond-
bladed saw from a hand sample taken as 
representative of the I t>dge. This was 
shaped roughly to a domino-sized chip (3/8 
x 3/4 x 1-l/2 inch (9.5 x 19.1 x 38.1 mmll 
on a smaller (.S-Inch <203-mm)) saw. The 
chip was lapped or hand-rubbed on 
240-grit, Hondimet paper·. The leveled, 
unscratclled surface was then prepared on 
papers of 320-, 400-, and 600-grit, wet 
abr·asive. The face was polished on soft 
600-paper Cor dry 600 followed by further 
buffing on cloth) and mounted on a glass 
slide with epoxy resin. After the epoxy 
hardened (usually overnight), the chip was 
sawed away on an Ingram cut-off saw 
leaving approximately l/32 inch (0.8 mml. 
The s I ide was transferred to the companion 
Ingra~ grinder; and the specimen was 
reduced to approximately 50 microns in 
thickness. It was reduced by hand to a 
final thickness of approximately 15 
microns with No.-600 grit or a 5-micron 
grinding compound on a glass plate. The 
section was stained for calcium carbonate 
detection with AI izarin Red ''5" and sealed 
with a cover-s! ip by Canada balsam. After 
cleaning with .acetone and detergent, the 
section was ready for study. A Zeiss RP 
48 (binocular with five objectives) 
polarizing microscope was used. 
The main problems in producing thin 
sections were failure to make them thin 
enough at first, trouble with the mounting 
media (unsuitable batches of epoxy were 
somet1mes used), and equipment breakdowns. 
Characteristic expansive texture has 
been described previous I y as sma II, we!!-
formed, dolomite rhombs apparently 
floating or encased in a fine-grained 
calcite matrix Cmicritel which has been 
contaminated with clayey, fine particles. 
It is impossible to see the individual 
clay particles with a petrographic 
microscope; however, the general 
appearance of "dirty'' is usually indicated 
by the fact that the section is uncommonly 
hard to bring into focus, and the AI izarin 
Red stain usually looks more brown titan 
red. The dolomite rhombs are distinctive, 
and the texture should be readily 
distinguishable. 




and the urgency to acquire data 
to expansion, I ittle time was 
to other characteristi~s of the 
rock. ledges were designated as either 
SAFE (not possessing suspected texture) or 
SUSPECT (possessing the suspect texture). 
Futur-e plans, however, do not 1 imit the 
use of the tremendous statewide inventory 
of ledges and thin sections to the study 
of expansive. tendencies. In the event 
other problems may arise whereby a thi11 
section and a petrographic study of 
I imestones in Kentucky might be needed, 
such data wi I 1 be obtained as sources are 
opened and made as available as the 
standard physical tests for immediate 
reference. Equipment for preparing thin-
sections cost in.excess of $14,000. ASTM 
C 295 references the equipment for making 
thin sections. 
TESTING CORES IN SOLUTION OF HaOH 
Three cores representing a 
of a ledge were prepared for 




first, a valve grinder was used; but later 
cores were faced with thin-section 
equipment. Initial study cores were taken 
with a 5/8-inch Cl5.9-mml dri II bit; 
however, subsequent cores were taken with 
a newer apparatus and new bit, 3/8 inch 
(9.5 mm) in diameter. Measurements were 
made on 14-day intervals through 56 days: 
ar·iginal length (before any soaking), 14 
days, 28 days, 42 days, and 56 days. In 
slight variation from ASTM C 586, all 
tht'ee cores were carried through 56 days 
instead of 28 days. At that point, the 
most expansive cor·e was retained, and the 
other two were discarded. If the retained 
core expanded more than 0.3 percent, the 
ledge was flagged to be tested in 
concrete. The core retained was measured 
for as much as two years or more at 
6-month intervals. This was done 
primarily to determine how long tl1e cores 
would continue to expand and to what 
degree. These observations revealed sti I I 
another unusual phenome11a. Some cores 
wl1ich had shown only minimal expansion or 
none at a II through 56 days began to 
display amazing growth at 6-month or 
1-year intervals. On January 29, 1974-, 
those ledges surpassing 0.5 percent at 6 
months, or 1.0 percent in any time period, 
were included with the other ledges deemed 
to have expansive character and were also 
flagged for testing in concrete. 
Cores were measured in two ways. 
Initial cores were measured by hand 
micrometer on four different opposite 
points and averaged. Later, a dial 
micrometer was mounted on an "I beam", and 
a homemade comparator was used. 
CONCRETE BEAMS 
This testing fa! lowed ASTM C 157 very 
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closely, except that four beams were used 
instead of three. This was done to 
accommodate two beams for each a I ka I i 
content. Another side I ine to the concrete 
test developed as the result of a minor 
problem. storage for beams which had 
completed the 64-week test period became 
critical. New ledges were being 
collected; and, already, two tanks for 
storage had been pr·ocured and f iII ed. It 
was decided to place the beams with 
completed measurement on the roof with the 
hand samples which were already exposed to 
weathering there. From time to time, the 
beams were checked and distress 
observations made. A vi sua I comparison 
between the hand samples which weathered 
badly and the concrete beams which 
expanded or cracked the most indicated a 
correlation might be drawn. This, indeed, 
became another· way to i so I ate the most 
reactive and detrimental ledges of 
dolomite I imestones then being tested. 
The first beam measurements completed 
were taken about May 1974. Some of these 
beams displayed cracking and indications 
of expansion to an amazing degree. When a 
question of labeling arose concerning an 
expansive beam, it was decided that the 
beam would be cut on the diamond saw as if 
it were a hand sample and a thin section 
of the stone inside made to verify the 
records. A few other beams were also cut 
for information, and this resulted in the 
discovery of 'vreaction rims" about the 
more highly expansive, dolomitic 
I imestones. 
RESULTS, OBSERVATIONS, AND RECOMMENDATIONS 
SUMMARY OF APPROACHES 
Accessible ledges in 
quarries approved to furnish 
the Commonwealth of Kentucky 
exsmined or are presently 
This provides an opportunity 
the data ar1d comparison of 
all active 
aggregate for 
have now been 
under test. 
to reflect on 
test resu Its 
and tf1e various approacl1es taken. 
Initial investigation using chemical 
criter·ia from the ''Quarry log'' and core 
measurements in excess of 0.3 percent 
expansion at 56 days, the basis from which 
tl1e program started, would have resulted 
in 62 ledges from 32 quarries being 
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classified as excessively expansive. This 
would indicate that approximately two 
ledges per quarry in 32 quarries out of 
117 active quarries would necessitate 
control for use as a concrete aggregate. 
The alternate approach using the criteria 
of 0.3 percent core expansion and 0.05 
percent concrete beam expansion wpuld have 
resulted in rejection of 60 ledges from 36 
quarries. Forty-six ledges would be 
common to each set of conditions. 
At this point, a new method of finding 
a practical I imit for isolating e><pansive 
aggregate was considered. Comparison 
between already proposed testing 
procedures Cwl1ich consisted essentially of 
charting one set of I imits against another 
to see how many ledges would meet each 
requirement-- thereby determining their 
combined statewide impactl seemed to be 
evading the real problem: What relates to 
the proven harmful mater-ial in the 
original pavement of I 65-l<l3ll3? In 
this I ight, it definitely seemed more 
appropriate that, whatever I imiting 
requirements are designated to detect 
expansive 1 imestone, they must have some 
direct relationship to tlte known expansive 
properties of the material from the 
problem source. The criteria of 0.6 
percent expansion at 56 days in the rock 
cycl inder test or 0.17 percent e><pansion 
in concrete beams at 64 weeks seemed to be 
the appropriate lower I imits to select. 
Referring to Figure 1, the value 0.17 
is noted as being the lower I imit of the 
lesser of the two most expansive ledges 
from the problem source <HS-5l. From this 
point upward, there are ten ledges with 
the same or grc--"'ter potential for concrete 
failure as the problem source <HS-4 
Included). Using these ten ledges for the 
basis of a comparison of all the 
characteristics studied in this program 
produced Table l. Only two ledges with 
critical expansion values, 89-9A and 
156-8, have a corresponding core expansion 
of I ess than 0. 6 percent at 56 days. Both 
of these ledges approach and one 
significantly exceeds 0.6 percent at 6 
months. These ledges show evidence of 
delayed expansion original Jy provided for-
by including ledges with core measurements 
that pass 0.5 percent at 6 months with the 
other ledges in the concrete test. 
Certainly, it would seem that more ledges 
studied than the ten top expanding ledges 
have a dangerous potentia I for expansion. 
This is indicated by several ledges having 
core readings surpassing those of the 
problem source and having very simila1· 
petrographic textures. A 0.6-percent and 
greater I imit for cores also includes 
these ledges. Knowing that mEzny variables 
exist in the concrete measurements Cthe 
range of alkali cements in high and low 
beams, the possibility of uneven 
concentrations of alkali in some sets of 
beams due to the mixing procedure, and 
other unforeseen errors), it was also 
decided to accumulate as much data as 
possible as it relates to the HaOH core 
test in a controlled environment. 
Observations of the beams also 
produced a good relationship between the 
appearance of the beams from the 1 edges 
which produced the highest measurements 
and the hand samples from these same 
ledges placed on the roof for weathering. 
Unfortunately, no set of conditions seems 
to completely relate all the elements of 
the testing program. A ledge displaying a 
high expansion in concrete ~nd a 
disturbing appearance could possess a 
relatively low core measurement through 56 
days; or a ledge could look crac!<ed and 
disturbing in the hand sample and 
appearance of the beam and l1ave a high 
core measurement; yet the actual beam 
expansion might be relatively low. At 
least, visual appearance, beam expansiotl, 
and core expa11sion reinforced each other 
by satisfying the two-out-of-three 
situation (see Appendix Bl. Thus, a 
petrographic examination together wit\1 
core expansion of 0.6 percent and greater 
or COJlcrete expansion of 0.17 percent and 
greater seems the most re~Jistic way to 
isolate the potentially excessively 
expansive aggregates. Using this 
criterion, 47 ledges in 32 quarries are 
considered to be highly eHpansive. 
Several are now being studied regarding 
the effects of dilution (''sweetening'') 
with non-expansive aggregate in various 
concentrations. 
Each of the expansio11 tests seems to 
be uniformly progressive timewise, and an 
excelletlt correlation with respect to 
reducing time may be derived. A 28-day 
reading in 
predicting 
most cases is accurate 
56-day results. In 
for 
I ike 
f~shion, 16-week concr·ete tests rei iably 
indicate the outcome at 6't weeks. Figures 
2 and 3 show these relationships. The 
correlation equations are shown there. 
DILUTION-CONTROL EXPERIMENTATION 
Sever·al methods of mitigating the 
alkali-carbonate reaction were avai I able 
from various research reports prior to 
this study. Some agencies recommended 
reducing the alkali content of the cement. 
The theory is that there is a minimum 
level of alkalinity (usually given as 0.45 
percent or lower> necessary to initiate 
the reaction. In the case of the alkal l-
si 1 ica reaction, the use of pozzolans is 
sometimes recommended to minimize the 
expansion. Seemingly, the only advantage 
to using cement low in alkali was a 
reduction of time to expansion. The only 
cement avai !able with an alkali 
concentration below 0.45 percent was an 
aluminate (0.21 percent!. 
Anotller metl1od being pursued is the 
concept of dilution by I imiting the 
percentage of the offending material to be 
takell from the working face of a quarry --
this is, ''selective quarrying". As the 
fir·st step in establishing the feasibi I ity 
of dilution, a non-expansive ledge was 
selected as a standard diluent 
(''sweetener'') to be combined with the most 
highly expansive ledges discovered in the 
survey. Two ledges were included in the 
basic study; 5'-2 was used as the diluent. 
Then, nine ledges of rocks having texture 
highly expansive and causing expansions in 
concrete in excess of 0.10 percent were 
collected along with two moderately 
expa11Sive ledges and one totally safe 
I edge. 
Some reports (13) indicate that 20 
percent expansive material would be 
admissible if some cracking may be allowed 
in tt•e concrete. This cracking, of 
course, would be a telltale sign of 
co11tinuing unsoundness. A constant cement 
alkalinity of 0.78 v.1as used in these 
tests; and, to gain more information on 
the effects of different concentrations, 
tl1ree per·cetltage combinatiotlS (20-80, 
30-70, and 50-50) were used. These tests 
7 
(see Table 21 have progressed through 16 
weeks which, before, was the first plateau 
of a ral iable indication of expansion. In 
prior testing, as previously mentioned, a 
good correlation between 16 weeks and 64 
weeks existed. Using this correlation 
equation, the dilution figures indicate 
that 18 of the beams made with 57-2 as a 
common d i I uent w i I I exceed the 0. OS I i rn it 
suggested in Virginia's study (3). The 
20-80 and 30-70 dilution beams averaged 
much lower expansion than the 50-50 beams. 
There are several indications that the 
50-percent cut would be unsatisfactory and 
much more unpredictable than the lower 
concentrations. Thus 30 percent and 
under, or most I ikely 20 percent, seems to 
be the level offering the more favorable 
evidence for dilution. It may be that any 
allowances for di I uti on would be counter-
productive insofar- as the welfare of 
concrete structures may be involved. 
The Division of Materials plans to 
continue this line of investigation with 
several different methods of producing 
various concentrations. Test beams will 
be matle of finished product samples from 
the sources possessing a high or 
border I ine concentration of expansive 
material in the quarry face. Another 
method of examination will relate to 
laboratory-prepared finished products 
which wi II more precisely reflect the 
percentage by footage of the working face. 
SCANNING ELECTRON MICROGRAPHS 
Several samples were subjected to 
scanning electron microscope CSEM> 
examination <see Appendix C). These were 
t~ree highly expansive samples IHS-4, 
HS-5, and 116-11); one sample possessing 
petrographically suspect texture but which 
did not expand in ~laOII 114-ISTI; and one 
highly dolomitic which was the standard, 
non-expansive control used in the concrete 
beam tests. 
The individual samples were examined 
in two ways. Cores were drilled from the 
hand samples and broken horizontally to 
fit the smal I circular plates for the SEM. 
This provided fresh material that had not 
been soaked in NaOH. Cores which had 
completed the NaOH test were also used as 
a comparison. Some of these cores from 
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the HS quarry had been prepared (mounted 
on petrographic slides) to observe 
evidences of expansion; that is, cracks 
under the polarizing microscope. Some of 
these cracks developed as early as when 
the 14- and 28-day measurements were 
taken. The cracking was transverse, 
obi ique, and in some cases parallei to the 
bedding plane of the sample; and these 
areas were examined extensively. The SEM 
is located at the University of Kentucky. 
Only the flaky, thinly laminated, 
sometimes disoriented patterns and 
microtextures were associated with severe 
expansion. It seems I ike I y that c I ayey 
impurities present at the time of co-
deposition or precipitation have 
interferred with recrystallization 
processes (metamorphism). 
SU~1MARY 
It is easy to visualize many problems 
inherent in the concept of using dilution 
as a control. Duplication of results wi I I 
be more difficult to obtain because 
variances within ledges wi II be more 
I ikely to emerge; the time element also 
influences this test with respect to 
repeatabi I ity; a ledge is not always 
available for immediate resampl ing due to 
blasting procedures and geological 
phenomena (faulting etc.); and there are 
greater possibilities that the same 
finished product may never be available 
for resampl ing. Whether this process will 
be pr-act i ca I in border- I i ne conditions is 
questionable; however~ present 
experimentation does indicate it may offer 
some alternative to selective quarrying --
at least, when the percentages are small. 
Having a rei iable means to relate the 
potential expansion of any ledge tested to 
the ledges which initiated the problem, 
the impact of implementing some form of 
canto! sl1ould be considered. Each source 
which contains an exp.ansive I ithology 
should be restricted in lhe production of 
crushed stone for concrete aggregate. 
Selective quarrying -- that is, excluding 
the expansive 1 edge is the most 
effective. In some cases, the less 
effective but possibly more economical 
method of dilution that is, allowing a 
small percentage of expansive material 
with a greater percentage of non-expansive 
material -- might be acceptable if it is 
determined from experimentation that a 
practical I imit exists. Dilution methods 
are easily conceived but are difficult to 
regulate and enforce in quarrying. 
To better understand the details of 
quarry operation, Appendix D (quarry 
profiles) is offered. 
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TAB~E 1 • SU"!MAkY CF lH AR ACT E K I::, T l C S JF Tt:N PUTt:NTIALLY 
T kOuBL E SO!~E LEDc,ES 
PEKCCNT EXPANSION PERCENT 
ALKALI CHEMICAL COMPOS IT ID;.; 
CORES BEAi~S VISUAL CQND IT ION 1 BY I PER(.ENT " v<ElGrlT J OF SPECIMENS ~EIGHT I LE:DGE 
QUARRY- 28 5o 18o 1b 64 IN THE INSUL- THILKNESS 
LEDGC DAY:i ::lAYS DAY 5 WEEKS wEEK!:. BEAM 5 HAND SPEC. I MENS CEMENT CAC03 MGC03 UBLE) ! FEET l 
HS--'t o.o3 Oofll 0.1 oo u.zo 1 VtRY oAD BADLY CRACKED Q.69 74o9 l'to-:1 9.2 3 
o. 73 0.99 Oo099 Jo JC 9 
0.5tl c. 8b 0.0~8 Jol6 7 0o't8 
0.68 Oo92 0.056 o.121 
HS-~ 2.27 3. 42 0.070 u. 178 VERY BAD BADLY CRACKED Qo69 7 3. 5 lo • '+ 9,3 5 
2 D 27 3. 33 Oo057 Ool4'1-
2.29 3. 31 Oo039 0.084 Oo48 
2.3o 3.53 o.o ... r 0oU96 
2-b C'o23 o. 39 O.C97 Ool66 VERY >AD GOOO Uo09 74.7 lJoO 9,6 14 - 1o 
C'.3o o.sz OollO 0.24ti 
o.sz 1.35 lo83 Bfl.OKE o.48 
o.o:-6 J.l6 7 
l<t-121 0.05 Ool3 0.128 Qo(:'88 VERY BAD DISINTEGRATED 0.69 17.7 llol 11.0 2 - 3 
4.58 4. 22 6a07 0.1 06 Jo£34 
BKOr<E O.G't9 o. 10 1 0a't8 
0.041 0.10 3 
2u-l2d 0.7d o. -n Oo97 0.166 ,J. i 9 2 Vt.:RY uAO No SPECIMEN Qo69 76.3 17 o4 5. 1 4 - 5 
0.74 0.87 0.155 0.25'1 
0.62 o. 83 o.O<ta (j .115 Oo48 
0.045 l)o098 
2 3-3 1. 1 ~ 1o9't 2.38 Ool46 0.235 Vt::RY bAD CRACKED u. 78 77.9 lJ. 4 11.4 
1 old lo85 0.131 J. 2 2 7 
1. 16 1.90 Oo078 OoQSl uo53 
0.044 u.vau 
89-'iA 0.20 o. 31 0.133 OoZ4-J YtRY bAD No SPECIMEN 0.69 74o5 l-.lo5 1. 1 5 
0.44 o. 57 0.67 o. 110 J.Ll9 
C'o3t> 0.45 O.Ot>2 o. 12 .l 0.48 
0.056 JolOJ 
89-10 1. 51 1. 79 0.126 o.zzr VERY OAu No SPEC! ME~ 0.69 70.0 2'to4 o.o 
loSt> lo 74 Ool2 7 J. 2 3~ 
3 o03 3oU 3 o4't Q.Ot>7 Ool2U (Jo't8 
Oo057 0.114 
116-11 1.24 lo 4 7 l. 8 5 0.180 Q.320 VERY OAO DISINTEGRATeD 0o78 72.3 1.3.3 12. 2 10 
- 12 
0.43 1. 12 Ool6[! a. 300 
Oo6b l.t 6 0.169 o. 16 2 0.53 
0.062 J.l5 3 
1 ~6- 8 ('.25 o. 27 0.55 Ool34 o. 26 2 Vf:.RY BAD No SPEC IMi:N ..... 69 71 • 6 13 o9 13ol 1 - 3 
0. 22 0.24 0.135 0.2 7 0 
0.24 0.25 0.050 o. :)9 '.) u ... s 
O. C53 :].098 
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TABLE 2. SU"1i~AR Y OF DILUTION-CONTROL TESTS 
Pi:RCENT EXPANSID~ 
OF BEAMS 
QUAKRY- CONCEi,- SPeC!- 4 8 16 
LEDGE fRAT 101'''' MEN WEEKS WEEKS WEEKS 
SuSPECT AC.GRfGATE5 
16-lA l Ov - 0 A 0. 041 0.069 o.o~B 
B 0.037 0.064 iJ • u9 4 
50 - 50 A 0. 022. o.o 34 O.lB 6 
3 0. 023 0.035 0.03 5 
30 - 70 A o.ozz o. 0 22 o.o~ 1 
3 0.024 o.o 24 Oo03 3 
2u - 50 A 0. 013 o.o 19 o. 02 l 
B J. 013 0.020 o.uz 3 
2u-l2d 1 ou - 0 A J. 07:. 0.120 o. 16 b 
iJ 0. 072 0.112 o. 15 5 
50 - 50 A OoOl_j o.o l3 0,01 8 
tl o.or~ o.c 15 OoOl b 
30 - 70 A L). 00 j o.oos 0. 01 l 
B 0. 000 o.o l3 o.o1 3 
20 - dO A o.otr 0.017 O. 01 7 
d 0. 018 o.ozo 0 .oz 3 
22E-4 l 00 - 0 A J.J45 Oo037 u. 06 2 
t> L). 04J O.O't2 0. 06 2 
50 - 50 A 0. 013 o.c15 Oo02 2 
d J,019 o.on o.J2 8 
3J - 70 A 0. 018 o.cz6 o.oz 8 
il Oo01d o. 0 24 0.02d 
2J' - 80 A J.Qb o.o~o 0· 02! 
I) u.Ol't 0.020 o. 02 2 
z .:l-3 l 00 - Cl A J. 045 o.ou3 o. 14 6 
ll 0 .. 03~ 0 .a 7 2 Ool31 
5J - 50 A 0. 015 o. 0 20 o.oz 0 
d Q.jlo 0. () 22 o.oz 7 
3..J - 70 A 0. 0Cd 0.012 0. 01 8 
8 u. 009 0,010 O•U1 5 
zu - oO A 0. Oll O.Ol4 0.·~1 7 
0 J. 013 0.016 o. 02 0 
71-J ,ou - 0 A 0,011 0.()[6 uol2 d 
d J. 032 0.1)23 0. 02 5 
5J - 50 A Oou12 o.o lZ J.J1b 
tl J. 01" o.r 13 Oo0l6 
30 - 70 A G, 00? o.on o. 01 0 
tl u. 00 .:l 0.009 o. or: s 
2J - oO A J • QOj 0,010 0 • J L 2 
" 0 Iii 002 O.OU9 0 e J l 1 
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TAblt: ". ICJN'TI 
Pt:RCE:n EXPANSIO~ 
Of BEAMS 
QUA,<RY- CON C E r,- SPeC I- 4 8 16 
LEDGe TRAT ION':' MEN WEEKS WEEKS WEI::~ S 
SUSPECT AuGkFGATE S 
8 7-12 50 - 50 A 0 • OlZ o.oro o.oz 0 
i:l J,Ul4 o.or3 o.ot 5 
3v - 70 A o. 022 c. 0 28 0,028 
b 0. ;)CJ7 0,010 o.ot o 
20 - 80 A 0.009 o.o l3 o. 015 
B o.Olu o.ol5 0,016 
87-lZA l 00 - 0 A 0.037 0,054 Oo060 
g o.ozo o.o 36 Oo044 
50 - 50 A Oo 008 0.005 0,009 
l:l o.oos 0,006 Oo0l1 
30 - 70 A o.oo:. o.o 16 Oo0l6 
8 o.011 o.o 15 OoOl 5 
20 - 80 A Oo 010 o.o 11 0,014 
B o. 009 o.o l7 Qo01 7 
89-96 100 - 0 A o. 023 o.o20 Oo05 0 
B OoOZl o.ozo 0.046 
50 - 50 A J. 002 o.ooz Oo006 
B o. 010 o.o 11 Oo015 
30 - 70 A o. 004 0.009 o.009 
B 0· 008 o.o14 o.o 1 5 
20 - tJO A o. 005 0.012 Oo014 
l:l 0. 006 o.oro o.o11 
89-10 100 - 0 A (J. 064 0.0 B 1 OolZ6 
8 o. 057 o.oaz o. 12 7 
50 - 50 A 0. 012 0.012 0,015 
B 0. 012 o. 011 QoUl5 
30 - 70 A o. 013 o.ozo o.ozu 
a 0.014 o.on o.ozo 
20 - ao A Uo003 0.009 0.009 
88-11 100 - 0 A 0.014 o.ozs o.oz 6 
l.l 0. 012 0.032 0.038 
50 - 50 A o. 002 0.003 Qo009 
B 0.006 o.D06 o.oo 7 
30 - 70 A o. 006 OeOl3 o.o 11 
B Oe006 0.003 o.ooa 
2u - 80 A o. 006 0.012 Qo012 
i3 o. 008 0.013 0·013 
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TAolc "· ( (01\J'T) 
Pt:RCE:n EXPANSIO~ 
OF BEAMS 
QUARRY- CONCEI;- S P i:C I- 4 8 16 
LEDGE TRA TI ON':' MEN WEEKS WEEKS WEE~ S 
SuSPECT AGGRFGATES 
9 5-4/5 l 00 - 0 A Jo 015 0.020 0.035 
B Oo014 0.147 Ool54 
so - 50 A 0.023 0.024 o.o2 9 
b Oo025 0.026 0.032 
30 - 70 A ll.Ol9 0.026 Oo02 b 
B 0. 012 o.ozs Oo029 
20 - 80 A Oo003 0.009 o.o11 
B 0• 005 0.011 0.012 
116-11 100 - 0 A o. 049 Oo100 Ool8Q 
b 0. 046 0.095 0.16 8 
50 - 50 A o. 032 0.040 0.047 
B o. 02b 0.030 0·035 
30 - 70 A o.020 0.026 Oo02 7 
B o. 020 0.030 0.030 
20 - 80 A o.ota 0.021 Oo022 
b 0.015 0.014 OoOl b 
NON-EXPANSIVE REFERENCE AGGREGATES 
59-4 l OJ - 0 A -0. 00 3 0.016 o.oz 0 
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MISSISSIPPIAN FORMATIONS SUPPLY MANY SOURSES OF 
LIMESTONE IN WESTERN AND EASTERN KENTUCKY; 
GENERAL STRATIGRAPHIC COLUMNS FOR THESE AREAS 
ARE SHOWN BELOW 
GENERAL COLUMNAR SECTION 
FOR WESTERN KENTUCKY 
GENERAL COLUMNAR SECTION 
FOR EASTERN KENTUCKY 
KINKAID LIMESTONE UPPER 
CHESTER GLEN DEAN LIMESTONE= 
SERIES BANGOR LIMESTONE 
NEWMAN 
GLEN DEAN LIMESTONE 
CHESTER BANGOR LIMESTONE 
SERIES 
(GOLCONDA HANEY LIMESTONE 
FORMATION) BIG CLIFTY LIMESTONE " BEECH CREEK LIMESTONE w ... 
HANEY LIMESTONE .. BEECH CREEK LIMESTONE= 
" w "' (RENAULT BEAVER BEND LIMESTONE ,_ "' 
0 -' REELSVILLE LIMESTONE 
LOWER "' " " "' FORMATION} PAOLI LIMESTONE z 
"' 
w BEAVER BEND LIMESTONE z ,_ .. z PAOLI LIMESTONE .. "' 0 (STE. GENEVIEVE FREDONIA .. 
FORMATION l LOWER STE. ;;; 
GENEVIEVE "' ;;;
STLOUIS LIMESTONE !!! 
.. " STE. GENEVIEVE LIMESTONE NEWMAN w 
z 
STLOUIS LIMESTONE 
" SALEM LIMESTONE SALEM LIMESTONE 
MERAMEC 
SERIES WARSAW LIMESTONE MERAMEC 
SERIES WARSAW LIMESTONE 
FT PAYNE LIMESTONE 
FT PAYNE LIMESTONE 
APPEI!DIX B 
COMPARISOI!S OF COI!CRETE BEAMS 




COMP AIUSONS OF CONCRETE BEAMS 
AND HAND SAMPLES OF RESEARCH LEDGES 
Visual examinations of concrete beams and hand samples which had been we
ather-
ing atop the Division of Materials laboratory were made. Descriptions used 
are the opin-
ions of two and in some instances three observers regarding the condition o
f the stone 
and concrete. Only a general, overall comparison based upon the appearnac
e of surface 
features was attempted. No sample was manually broken open or disturbed w
ith any tool. 
The observers were D. Newton, D. Kincaid, and R. Coy. 
RATING SCALES 
Rating Scale for Concrete Beams: 
(Samples viewed 3-11-77) 
Rating Scale for Hand Samples: 
(Samples viewed 9-26-76) 











SUMMARY OF VISUAL COMPARISONS 
CONCRETE BEAMS HAND SAMPLES 
Very Poor ..,.011111!!!11~~~============ Disintegrated 
Poor ~Cracked 

































































Very Good-Cracked Very Good-Fair Very Good-Good 
(22W-8) 





Very Good-Very Good 
Very Poor-Disintegrated 2 
'~J Very Poor-Cracked 5 9.8% 30.5% Very Poor-Fair I 2.0% 
Very Poor-Good 8 14.8% 
Very Poor-Very Good I 2.0% 
Poor-Disintegrated I 2.0% 
Poor-Cracked 3 5.9% 
Poor~ Fair I 2.0% 
Poor-Good 5 9.8% 
Fair-Cracked 3 5.9% 
Fair-Good 13 25.5% 25.5% 
Good-Dis integra ted 2.0% 
Good-Cracked 2.0% 
Good-Good 5 9.8% 






Very Good-Very Good 
5i 
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SUMMARY Of DATA AND 08SERVATJONS 
CONCRETE BEAMS PERCENT 
MAXIMUM 
PERCENT EXPANSION PER- PER-
QUAkRY- MAXIMUM CONDITION OF OF CORES CENT CENT PERCENT 
LEDGE CONDIT ION EXPANSION HAND SPEC !MEN AT 56 DAYS CAC03 MGC03 INSOLUBLE 
HS-4 VERY POOR Oe309 Oa99** 74.9 l4e9 9e2**(1: 
HS-5 VERY POOR 0.178 BADLY CRACKED 3.53** 73 .s l6e4 9e3*** 
2-l POOR 0.064 CRACKED 1.87** 97.,9 z,.7 loO 
2-3 POOR 0.114 FAIR le6B** 94.4 2o2 lob 
2-4 VERY POOR 0.121 FAIR 1.74** 50.6 21.7 22.6*** 
2-6 VERY POOR Q.248 GOOD le35::C* 74.7 13·0 9 .. 8*** 
2-7 GOOD 0.-12 
2-8 o.oo9 0.38* 68.6 2 2• 6 9e9*** 
2-11 POOR Oel26 OeBO** 69.2 2le3 9.5*** 
3-3 GOOD 0.035 0.48* 69.2 9·4 2Q.5*** 
7-lA GOOD o.042 3ell** 68.4 llo8 16· 5*** 
7-2C POOR Oel70 1.29** 69.9 20e3 6·9 
7-6 GDOU 
7-7 VERY POOR 0.040 GOOD 0,30 
9-5 GOOD Oo015 GOOD 0 .02 
9-7 VERY POOR 0.114 0,.91** 90.6 5o2 3,9 
9-B VERY POOR Ooll4 GLJOD 1.99** 79.8 8o7 8·8*** 
11-5T GOOD 0.07 
ll-6T 0.02 0 GOOD 0 .. 83** i.t6 .. 9 29.4 18.1*** 
11-9T o. 090 0 0 9't :(u',c 80,9 8.6 11.0*** 
12-SB POOR Oo092 lo06** 79.9 15.9 4·5 
13-2 CRACKED 0 .14 
13-3 GOOD o.o6a CRACKED Oo66** 63o8 l8e4 13 .. 3*** 
1 3-4 VERY POOR Oo14d o.2o 
14- 5T VERY POOR o.o3s VERY GOOD 0.31* 71.2 15 .a 7o4*** 
14-1lT POOR 0·104 CRACKED lo46** 70.8 l4o6 12·2*** 
14-12T VERY POOR Oo288 DISINTEoRATEO 4 .. 22** 77 .. 7 11 ol 11·0*** 
14-17T 0.075 0.29 75.3 6o4 1 3.3 
l4-2H FAIR a. o5 2 0.41* 80.2 16.5 4.8 
15-1 VERY POOR Oo046 GOOD 0. 7 8** 68 .. 9 llo 2 16.2*** 
15-2 VERY POOt\ o. 090 GOOD 1.16** 66.8 lle 8 21.6*** 
16-1A VEt\ Y POOR 0.158 0.71** 7e.o 16o9 5.6 
20-10 POOR OoOBl GOOD 0 .39* 69.1 2 3·0 1·1*** 
2 0-12 d VERY POOR Oo292 0.91** 76 .. 3 17·4 5.1 
22E-4 t;OOD 0.136 2.56** 64.7 25·1 a.B*** 
2 2W-5 FAIR o.oss GOOD o.1B** 74.8 1 7. 7 7·4*** 
2 2W-6 GOOD o .as 
2 2w- s VERY POOR o. 051 GOOD 0.30 62.3 27o8 1·8*** 
23-ZT VERY GOOu o. ()6 7 o .. st* 83.8 10.7 4.3 
2 3-3 VERY POOR 0.235 CRACKED 1 .. 94** 17,9 10o4 llo4*** 
2 3-5 VERY GUOU o.o5a la04** 91.1 s.a 2•9 
26-4A GOOD 0.()39 1 ell** 85,3 9o7 s.o 
26-4B GOOD 0.047 0 .. 64** 
2 7-4 0.330 
2 7-5 FAIR Oo045 GOOD o.36* 64 .. 1 2 7.3 8·0*** 
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SUMMARY OF DATA AND OBSERVATIONS 
CONCRETE BEAMS PERCENT MAXI MUM 
PERCENT EXPANSION PE
R- PER-
QUARRY- MAXIMUM CONDITION OF OF 
CORES CENT CENT PERCENT 
LEDGE CONDIT ION EXPANSION HAND SPEC !MEN AT 
56 DAYS CAC03 MGC03 INSOLUBLE 
29-2 GOOD 0.09 
30-ZT 3.01** 60.4 2 2o1 15·3*:0<* 
3 2-3 GOOD 0.19 
32-4 CRACKED 0 aOb 
33-~ FAIR u. 061 CRACKED 0.25 
33-5 FAIR OeiJ97 Oo45* 62.6 22·1 12.6*** 
35-1 GOOD 0 elO 
35-6 FAIR 0.100 GOOD 0.41* 75.4 13· 5 10.,6**
* 
35-7 FAIR o.Obl GOOD Oe33* 69.3 l7o0 lle3*** 
35-8 POOR o. 126 1.85** 57.7 22al 17.9*** 
36-4 GOOD 0.06 
36-6 1.73** 89.6 2·4 Bob 
37-2 GOOD OeOl 
3 7-5 GOOD 0 ell 
3 8-1 GOOD 0 alO 
38-2 GLlOO 0.04 
38-48 Oe46* 70.1 14.3 14o 5**
* 
38-4T 1 .10 •• 64.1 l0o9
 5.4 
44-1A GOOO 0.13 
46-2 GOOD o.oa 
4 7-17 GOOD 
47-19 GOOD 
47-2 3 FAIR 0·106 GOOD 0.98** 74.3 1
8 .. 9 9 .. 0*** 
49-& GOOD o.os 
49-7 Ooll43 0.30 6lo2 a.5
 9.4*** 
49-tl POLlR \J. 08 0 GOOD 0 .. 38* 73.9 10.7
 13·8*** 
49-9 POOR a. us:. CRACKED 0.72** 58 .. 9 l9o9 18,.8
*** 
49-10 POOR 0.075 GOOD Oe42* 
78.9 8.6 10•5*** 
49-11 GOOD 0.44 
49-12 POOR o.o12 CRACKED 0.48* 81.3 
1 o.o 9·6*** 
50-l GOOD Oe03
 
50-2 GOOD o.oo 
50-3 GOOD o.os 
51- JB Oe043 0.68**
 89.9 8.2 3o4 
52-2T GOOD o.oa 
54-l GOOD o .o3 
54-2 GOOD o.os 
56-4 0·051 Oe57* 
83.8 12e6 4·6 
5 6-5 GOOD 0.11 
56-7 GOOD 0.18 
5 7-l GOOD Oe09 
5 7-2 GOOD o. 029 o.ob 
5 7·-4 GOOD 0 .oz 
5 8-lA CRACKED o. .. oa 
58-lB GOOD o .. oa 
58-5 GOOD o.os 
59-4 FAIR OoD35 GOOD 0.05 
61-IA GOOD 0 olO 
61-3 GOOD 0.10 
b 1-4 CRA [KED 0.19 45 
SUMMARY OF DATA AND OBSERVATIONS 
CONCRETE BEAMS PERCENT 
MAXIMUM 
PERCENT EXPANSION PER- PER-
QUARRY- MAXIMUM CONDITION OF OF CORES CENT CENT PERCENT 
LEDGE CONDITION EXPANSION HAND SPEC !MEN AT 56 DAYS CAC03 MGCQ3 INSOLUBLE 
69-7 1 .14** 77.4 6o9 14 e2 70-5 0.029 80.7 l2o8 7. 1*** 70-6 GOOD 0.16 
71-3 Oo126 Oo88** 63.1 36e3 4·5 73-3 GOOD 0.03 
73-14 OoJ38 0 e3l* 85.9 9.9 5·3 75-4 DISINTEGRATED 
82-3 GOOD o.oa 
85-l VERY POOR 0.061 GOOD 0. 79** 67.2 15·3 17.8*** 85-2 FAIR o.on GOOD Oe33* 74.3 l0e5 14•1*** 
85-3 FAIR Oe049 GOOD 0 .42* 66.9 1o.o 18.8*** 85-4 GDuD o.u39 0.36* 64.3 8.e 21•4*** 85-5 FAIR o.o3r 0.09 
86-3 VERY POOR o.o5 1 t.Io** 61.4 2le6 13 .. 6*** 8o-6/7 GOOD 0.11 
8 7-2 T OeOlO o.BO** 88.0 3·8 9.2 87-ll GOOD Oa04 
8 7-12 0.148 1.21** 54.9 2Bo6 16.5*** 88-1 Oo041 GOOD 0.32 * 
88-2 GOOD Oa07 
88-11 FAIR o.o61 la03** 79o4 16a4 1·5*** 88-12 VERY POOR Ool50 4e900:•:¢ 65.3 20.4 12·2*** 89-9A VERY POOR 0.249 0 .57* 74.5 19.5 7.1*** 89-9B GOOD 0.070 1.08** 85.9 8o9 6.7 89-10 VERY POOR Oo239 3 ·22 ** 70.0 24e4 a.O*** 
89-13 o.050 D.54* 86.0 14a5 3.0 94-2T Oo045 ZalS** 51.6 3Qal 15·1*** 95-4/5 FAIR Oel54 GOOD o.74** 71.2 16.2 7 .. 9*** 96/l-4/5 GOOD Oo044 GOOD l • 96 ** 73.2 l5a2 10.3*** 106-6 0.066 s.lt.l** 79.7 8o3 9. 1*** 
1ll-1 FAIR o.oss GDOO Oo47* 73.9 lOa! 13 .. 6*** 112-8 GOOD 
112-12/14 GOOD 
114-7 VERY GOOD Oo043 0.3 9:¢ 88.4 bo3 5.7 116-4 DISINTEGRATED 
116-11 VERY POOR Oo32J DISI"'TEGRATED lo47:¢:* 72.3 13.3 12·2*** 116-12 GOOD o.o37 DISINTEGRATED 1.02** 51.6 32o5 12·7*** 116-13 DISINTEGRATED 0 .47* 
ll7-2 GDDD 0 .!7 
119-2 FAIR o. 053 GOOD Oa39* 44.0 25o3 2 6 .. 5*** 
119-8 FAIR Oo JSO CRACKED 0.54:¢ 75.2 12· 5 11 .. 3*** 119-9 GOOD -o.oa 
119-14 CRACKED 0.14 
119-1 5 CRACKED 0.19 
119-16 CRACKED -0.09 
119-21 VERY POOR o.o41 1 .. 51** 63.,6 8o3 23e7*** 120-l/3 POUR o.u34 GOOD o.Z9 63 .. 4 8.5 25e3*** 120-4 GOOD 
120-12 GOOD 
120-14 VERY POOR Oo059 GuOD 1 .. 40** 81.3 9·2 a ... a*** 
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AT 5& DAYS CONDITION EXPANSION HAND SPECIMEN 
121-1 GOOD a .az 
121-7 GOOD 0 oll 
1U-Z GOOD 0.025 GOOD 0.11 
122-6 GOOD o.oo 
122-11 GOOD 0.054 Oe46:Cl 
12 2-13 VERY PDOK 0.064 1.68** 
rn-13 Oe33* 
123-18 GOOD 
127-1 GOOD 0 .oo 
143-20 CRACKED 
144-2B GOOD o.59* 
148-4 FAIR 0.042 1.62** 
148-8 GOOD le62** 
156-8 VERY POOR o. 210 2.70** 
* EXCEEDS 0,3 PERCENT EXPANSION OF CORES ~~ 56 DAYS 
** EXCEEDS Q,6 PERCENT EXPANSION OF CORES I~ 56 DAYS 
*;',;~· SPECIMEN IDENTIFIED BY CRITERION 1>7 PERCENT MGC03 






























Figure C-1. Expansive 
Surface. 
Limestone (H5-4); Fractured 
Platyness indicates weakness 











Figure C-3. Highly Expansive Limestone (HS-5); Shows 
Platyness, Flakiness, and Disorder9 




Highly Expansive Limestone (85-51; Shows 
Platyness. 
Figure C-5. Highly Expansive Limestone (H5-5l; Shows 
Platyness, Flakiness, and Delamination 
(not found in good limestones and 
dolomites). 
55 
Figu~e C-6. Non-Expansive Limestone (14-15Tl; 
Absence of Platyness and Flakiness. 
56 
Figure C-7. Non-Expansive Limesto11e (14~15T). 





Cleavages appear strong, 
non-platy -- non flaky. 
(14-15Tl. 
massive, and 
Figu~e C-9. Non-Expansive Limestone (57-2); Distinct 





Non-Expansive Limestone (57-2); Distinct 
Cleavage. Shows massive structure but 
apparent disorder or cavitation in 
cleaved surfaces 
·~-· ·-· -· ·~---------------------, 
Figure C·-11. Expansive Limestone ((116-11). Shows 
disorder in crystallization and tex-
ture; porosity and weakness are appar-
ent. 
61 
Figure C-12. Expansive Limestone (116-11). Shows 















25' STRIP PING 
~·,STR IPPING 
9' 
L2 4 -L3 1' 
L5 5 
L 7 2' 
13' 
9' 






VIEW OF QUARRY 























































VIEW OF RAMP AT CHRISTIAN QUARRY 
CLOSE UP BELOW 













~==L4 2' ;r: MARL 8 SHALE 2' 
L5 20' 
L9 14' 
BE;:NCH L,IO 2' 


















BENCH/WASTE ~M~~ , SHALE 8' 
L5T 10' 
BENCH 
L6T CilJ FAILED LED GE 5' 
-L7T Ill:! 3' 
L 8T 8' 
L9T ~ 5' 
BENCH LIOT 8 (53· 
FLOOR OF OPEN FACE 
L liT 15 





MAIN MINE FLOOR L4M 5' 
L5M 6' 
L6MA 7' 
34' APPROX LGM 5' 
L7M 6' 






LEDGES I THRU 4 HAVE 
BEEN REMOVED IN MAIN 
~ 

















SH ALE 2' 
5' 
30' 




























FOR PRESENT OPERATION 
DOWN · 4c23-76 BENCH L20 
10' 
A WASTE 1' 
' . ~ 
L21T 5' 
L22T 5' 















NEW MINE CEILING 
FLOOR 






























LIA - TOP OF BENCH 
DISTANT VIEW OF QUARRY 
SOURCE NO. 16 
WARREN COUNTY 






c::~== L4 T 2' f-. 3  3' 
L2T 6' 
I-----
BENCH LIT 6' 
• . ------------------~~~ LIA 3' 













CLOSE UP HIGHLY 






















BENCH i:::::==========- L 3 0- 2.5' 
WASTE , 




CLASSIC FAULT RUNS THROUGH EAST QUARRY 
SITE WITH APPROXIMATELY 8' DISPLACEMENT-
PICTURE TAKEN DOWN STRIKE OF FAULT . 
AN EXTRA LEDGE IS PRESENT ABOVE FLOOR 
ON UPTHROWN WALL. 
HIGHLY EXPANSIVE 
IN CORE TESTS 
L4 II' 


















FAULTING IN AREA MAKES TRACING LEDGES 
THROUGH THE TWO SITES DIFFICULT. 
SEPARATE LOGS WERE MADE. 
L5 










~---BENCH L3 6' 
APPROX. 61' 
L4 IIIII 6
1 ::::::::::::::::::::::::: ~=~-=::::::;:::::::;:' L 5 2' 
L6 7' 
BENCH f--.=:...:_~-- L7 4' 
LS 5' 
L9 10' 
PRESENT FLOOR LIO 7' 
WEATHERED BLOCK OF LEDGE 3 

















OLD BENCH NOT PRESENT L4 
17' 













u PPER LEVEL MINE CEILING 
UP PER LEVEL MINE FLOOR 
A 
F 
LOWER MINE CEILING 
GGREGATE ONLY PRODUCED 
ROM HERE DOWN 



























































BENCH Lll 7' 
SHAL 
Ll2 10' 
BENCH Ll3 10' 




BENCH Ll7 8' 
LIS 7' 
Ll9 a' 















































SOURCE NO. 51 












UPPER MINE FLOOR L3B 8' 
L4 II' 
L5 9' 









SOURCE NO. 71 






( 10'- 50') 
38' EXPOSED TYRONE ABOVE 
MINE 
( 28' -38') 
NOT TO BE USED 
UNLESS RESAMPLED 
MINE CEILING f------ Ll 4' 
L2 12' 
MINE FLOOR L3 8' 
SOURCE NO. 85 
EXPANSIVE POTENTIAL 
4-26-77 


















DISTANT VIEW OF QUARRY FACE- SLIGHTLY 
CLOSER VIEW BELOW OF ANOTHER FACE 
SHOWS RAPID WEATHERING IN FACE 
L3 7' 
L3 7' 





























CLOSE UP THIS AREA BELOW 













OLD MINE FLOO 
BENCH 























































L8 8' !--__:_ ____ _:: 
L9 9' 
'----'~::::;:::;;:======L,IO 3' 
QUARRY FLOOR 3.5' 
93 
94 
CLOSE UP THIS AREA BELOW 














--~:-----------~~------------------------------------------------------------~ L7 17' L9A 5' ~~====_. LS 2' 
L98 5' 
L9C 5' 
THIS IS NONEXPANSIVE LAYER 
SANDWICHED BETWEEN EXPANSIVE 
LIO 3' 
Ll4 12' 
~~=======vll6 3: f-- Ll7  
BENCH LIB 9' 
Ll9 7'-10' r:========== L20 3: j: L21 3 
L22 8' 
--~Q~U~A!2R!2R.!_Y_F~L~0~0:!_!R:!__j::::::::::::::::::::::::::::::::::::= L23 2' 
CLOSE UP THIS BENCH BELOW 
L2TD 




















~=========='-SHALE a BRECCIA 14' 








SOURCE NO. 95 
. EXPANSIVE POTENT lAG ' .· ... 
4-27-77 
.~ 18'STRI """" PPING 
"4' 
BENCH! Ll 8' 
~' 
/ BROWN SHALE 6' 
BENCH /GREEN SHALE 7' 
I NOT TO BE USED 8' L2, UNTIL RESAMPLED 




OLD MINE FLOOR L465 9' 
I L64 
BENCH/ BLUE BROWN SHALE 12' 
L7 14' 











BENCH I L2 
L3 
L4 
FLOOR L 5 1111 
Ll 









SOURCE NO. 108 












F==- SHALE ,. 
L8 fl .. 
7' 







SOURCE NO. 116 






Ll 4' NOT TO 
______________ J_ __________ __ 
OLD MINE CEILING BE USED 
L2 17' 
OLD MINE FLOOR -----=~---"-'.;..:.:c::_:_.:::...:...::,:..:..--'-------L3 3' 'r-------- SHALE 4' 
~~~~~~~ SHALY STONE 3' ~ SHALE 1' 
8' L4 3' L5 
1---------L6 4' 
L7 7' --:-:::-;:;---:-:-:-;::-=--::-:::-;-:-:-:::-::--F===== SHALE 11 NEW MINE CEILING LB 6' I---"-'"-------
L9 6' '-----------------I-7L:-:::10,---------5, 





AT FAR POINT 
BELOW BREAK 
SOURCE NO 156 
ALLIED MATERIALS 
CHRISTIAN COUNTY 
MISSISSIPPIAN AGE 
EXPANSIVE POTENTIAL 
5-5-77 
LIO 
Lll 
Ll 
L2 
L3 
L5 
L6 
L7 
LB 
L9 
21' STRIPPING 
(0 -21') 
101 
6' 
6' 
L4 2' 
4' 
3' 
5' 
3' 
4 
7' 
II' 
101 

